The use of nanotechnology in nanoparticle-based cancer therapeutics is gaining impetus due to the unique biophysical properties of nanoparticles at the quantum level. Silver nanoparticles (AgNPs) have been reported as one type of potent therapeutic nanoparticles. The present study is aimed to determine the effect of AgNPs in arresting the growth of a murine fibrosarcoma by a reductive mechanism. Initially, a bioavailability study showed that mouse serum albumin (MSA)-coated AgNPs have enhanced uptake; therefore, toxicity studies of AgNP-MSA at 10 different doses (1-10 mg/kg b.w.) were performed in LACA mice by measuring the complete blood count, lipid profile and histological parameters. The complete blood count, lipid profile and histological parameter results showed that the doses from 2 to 8 mg (IC 50 : 6.15 mg/kg b.w.) sequentially increased the count of leukocytes, lymphocytes and granulocytes, whereas the 9-and 10-mg doses showed conclusive toxicity. In an antitumor study, the incidence and size of fibrosarcoma were reduced or delayed when murine fibrosarcoma groups were treated by AgNP-MSA. Transmission electron micrographs showed that considerable uptake of AgNP-MSA by the sentinel immune cells associated with tumor tissue and a morphologically buckled structure of the immune cells containing AgNP-MSA. Because the toxicity studies revealed a relationship between AgNPs and immune function, the protumorigenic cytokines TNF-a, IL-6 and IL-1b were also assayed in AgNP-MSA-treated and non-treated fibrosarcoma groups, and these cytokines were found to be downregulated after treatment with AgNP-MSA. Cellular & Molecular Immunology
INTRODUCTION
The use of nanoparticles to fight the dreaded disease of cancer has recently created new possibilities in the field of cancer therapeutics and thus demands further research on the overall effect of nanoparticles, especially in vivo. The immune system has the ability to fight against tumors as well as other diseases because of the multiple immune checkpoints within cells that regulate or dictate tumor immune surveillance inside an organism; many of these checkpoints are bypassed in tumor microenvironments. Thus, targeting these altered immune checkpoints by adoptive T-cell therapy, the use of chimeric antigen receptors or the induction of multiple inflammatory pathways within the tumor microenvironment are the foremost targets in the field of cancer immunotherapy. 1 Nanoparticles are associated with immune systems and either act as immunostimulants or immunosuppressors. Nanoparticles are often first taken up by the phagocytic cells of the immune system (e.g., macrophages and dendritic cells); through undesirable interactions between nanoparticles and the immune system, nanoparticles may promote either inflammatory or anti-inflammatory responses. Immune cells may consider nanoparticles to be foreign entities, thus resulting in an inadvertent multilevel immune response against the nanoparticles (e.g., allergic response); this response may ultimately lead to toxicity inside the biological system. The physical characteristics of nanoparticles, such as size, surface charge, hydrophobicity/hydrophilicity and the steric effects of their coatings, can dictate the compatibility between the nanoparticles and the immune system. 2 Silver nanoparticles (AgNPs) are among the most commercialized nanoparticles because of their unique optical, catalytic and disinfectant properties. Currently, AgNPs are being used for many different applications, [3] [4] [5] ranging from wound dressing and the coatings of surgical instruments and prostheses Moreover, in in vitro and in vivo studies conducted by Sriram et al., 20 it was shown that AgNPs have antitumor properties against Dalton's lymphoma ascites tumor model. Thus, recent findings suggest that there is a relationship between AgNPs and the immune system, however, there are almost no reports on the AgNP immunomodulation of tumor-bearing mice. Although there are several reports on the toxicity of AgNPs, [21] [22] [23] [24] [25] there is a paucity of toxicity studies on the AgNP dose-response in mice. Hence, the present investigation was designed to determine the effects of AgNPs at different doses in mice and to study their effects on murine fibrosarcoma. Chemically induced tumors in inbred mice, particularly sarcomas induced by 3-methylcholanthrene (3-MCA), have been a favorite model of tumor immunologists since the discovery of their antigenic properties. 26, 27 The discovery of immunomodulating cytokines has strongly established the immunological influences of tumor induction in chemically induced fibrosarcoma. 28 For this purpose, a modified murine two-stage carcinogenesis model was adopted in which a single subcutaneous administration of the carcinogen 3-MCA (0.5 mg/mouse) was followed by multiple applications of the tumor promoter phorbol myristate 13-acetate (PMA) administered subcutaneously (s.c.). 29 
MATERIALS AND METHODS

Synthesis of mouse serum albumin (MSA)-stabilized AgNPs
Mouse serum albumin (Sigma-Aldrich, USA) or MSA-stabilized AgNPs were prepared by a ligand exchange reaction on citratestabilized AgNPs following the method reported by Duncan Graham and co-workers. 30 All glassware was cleaned with aqua regia and thoroughly rinsed with distilled water. Agcitrate nanoparticles were prepared according to the Lee-Meisel procedure. 30 A clean three-necked round bottom flask was filled with 500 ml of Milli-Q water. The solution was heated to 45 uC using a Bunsen burner under continuous stirring with a glass stirrer. Then, silver nitrate (90 mg dissolved in 10 ml of Milli-Q water) was added. The solution was heated further to 98 uC. Trisodium citrate (100 mg in 10 ml Milli-Q water) was added, and the solution was kept at 98 uC for 90 min; afterwards, the solution was allowed to cool to room temperature. Citratestabilized AgNPs were further functionalized with MSA in a ligand exchange reaction. In a typical method, a methanolic solution of MSA (2.5 ml, 40 mM) was added to a 10 ml nanoparticle dispersion, and the mixture was stirred for 3 h, while protected from light. The excess ligand was removed by centrifugation and redispersed in Milli-Q water. These nanoparticles were characterized by UV-Vis spectrometry (Shimadzu UV-1601 digital spectrophotometer (Shimadzu, Japan)), transmission electron microscopy (JOL, JSM-2100; JEOL, Japan) and Fourier transform infrared spectroscopy (FTIR) analysis. The MSA loading on the nanoparticles was determined from the entrapment efficiency (EE), which was spectrophotometrically estimated at 595 nm using the following equation: 31 EE~Total initial amount of MSA added ð {Free amountof MSA insupernatantÞ |(Totalinitial amount of MSA addedÞ {1 |100
Animals
The LACA male albino mice were purchased from The Pasteur Institute, Shillong, India (license no.: 34/DR/1966). The 6-to 8-week old male mice having body weights of 2062.0 g were used for all the experiments. All treatments were performed in accordance with the guidelines of the Institutional Ethics Committee. All animals were housed in polycarbonate cages at 2262 uC temperature, 85% relative humidity and a 12-h lightdarkness cycle with standard food and water available ad libitum.
Bio-distribution of AgNPs
Samples of 500 mg each of the collected liver, kidney and spleen tissues from normal mice groups treated with different concentration of AgNPs and AgNP-MSA were weighed and dissolved in 4 ml of aqua regia. These were then heated at 80 uC for 10 min to dissolve the tissue. The same procedure was also used for tumor tissue treated with both AgNP and AgNP-MSA at the selected antitumor dose of 4 mg/kg b.w. All dissolved tissues were then examined for the uptake of AgNPs by inductively coupled plasma atomic emission spectroscopy (ICP-AES).
Experimental design for toxicity study For the toxicity study, a total of 55 mice were divided into 11 groups, with 5 mice in each group. The first group was kept as a control, and the other 10 groups were administered (subcutaneously on alternate days) varying doses (1-10 mg/kg b.w.) of with AgNP-MSA separately. Weekly analyses of the complete blood count and lipid profile were performed for all the groups. After 4 weeks of treatment, all of the mice were then euthanized following analysis of the complete blood count, lipid profile and histological parameters.
Hematological analysis
Heparinized blood was collected in EDTA-coated vials by intra cardiac puncture after anesthetization with chloroform. We examined the erythrocyte counts (RBC), mean corpuscular volume, RBC distribution width (RDW%), RDWa, hematocrit, platelet count, mean platelet volume, platelet distribution width, procalcitonin, large platelet concentration ratio, leukocyte count (white blood cell (WBC)), hemoglobin, mean corpuscular hemoglobin, mean corpuscular hemoglobin content, lymphocyte count, granulocyte count and mid cell count from the whole blood with the help of an automated hematological analyzer (Piramal photometer 5010 V51; Piramal Enterprise Limited, India).
Serum analysis
To analyze the effect of AgNPs on liver and renal function, the serum levels of the following were measured in the different experimental groups and compared with those of the control mice: alanine transferase (ALT), aspartate transferase (AST), alkaline phosphatase, creatinine, triglycerides, total cholesterol, high-density lipoprotein, low-density lipoprotein and very low-density lipoprotein. Moreover, for further antitumor experimental studies, the IC50 of AgNPs was determined from the reduction in the serum ALT level.
Histological analysis
To determine the effect of the administration of different AgNP concentrations on various organs, such as the liver, kidney and spleen, histological analysis was performed. After 4 weeks of treatment and following the euthanasia of the treated mice, the liver, kidney and spleen tissues were fixed with 4% paraformaldehyde. The fixed tissue samples were then transferred to 30% sucrose for 24 h prior to cryo-sectioning. After the tissues were sectioned to a size of 10 mm, the sections were stained with hematoxylin and eosin. The AgNP toxicity was determined by observing the histological sections under a light microscope for any deviation from the control slides.
In vivo antitumor experimental design For the antitumor experiment, two groups of 20 male mice each were used. To develop the fibrosarcoma model, both groups were treated with a single dose (0.5 mg/mice) of MCA (s.c.) and PMA (s.c. 4.26 nM on alternate days) for 40 weeks. 29, 32 Of these, one group was also given AgNP-MSA at a dose of 4 mg/kg b.w. (s.c. on alternate days) from the second week until the fortieth week of treatment. Parameters, such as the incidence of tumor, change in body weight, variation in tumor size, and serum TNF-a, IL-6 and IL-1b levels, were then measured for these two groups. To analyze the effect of AgNPs on the serum cytokine levels of the tumor group, TNF-a, IL-6 and IL-1b were measured using ELISA kits from BD Biosciences (BD OptEIA, USA). The manufacturer's protocol was employed in the measurement, and the enzyme-substrate reaction was terminated by the addition of sulfuric acid solution, after which any color change was observed spectrophotometrically in an ELISA reader (Bio-Rad, Germany) at 595 nm.
The nitroblue tetrazolium (NBT) assay The NBT assay was performed to obtain a quantitative estimation of the superoxide anion (O 22 ) level in various tissues (liver, spleen, kidney and tumor). Membrane permeable, water-soluble NBT is used as an electron acceptor, and upon reduction by superoxide anions, NBT changes from a yellow solute to a blue formazan precipitate. Briefly, HBSS containing 0.1% NBT was added to the sample and kept at 370 uC for 2 h with occasional shaking. Then, the sample was washed with 70% methanol 3 times and dried at 600 uC for 15 min; 2 M potassium hydroxide, 8-10 ml of Triton X-100, and 500 ml of dimethylsulfoxide were added, and the mixture was allowed to rest for 10 min. The formazan was then solubilized in dimethylsulfoxide and potassium hydroxide, and the optical density of the solubilized formazan was subsequently measured spectrophotometrically at 620 nm. The concentration of NBT was calculated from the OD at 620 nm, and the extent of ROS in the sample was determined. 33 Nitric oxide release assay (NO) The nitric oxide release was quantitatively measured in different tissues (liver, spleen, kidney and tumor) using Griess reagent. Briefly, the tissue was converted to a single cell suspension, and then Griess reagent was added to 10 6 cells; the mixture was allowed to rest for 10 min. Then, to measure the released nitric oxide, the OD was determined using a spectrophotometer at 550 nm, and the OD was compared with a standard curve for sodium nitrate. 34 
Immunocytochemistry
Tumor tissues from treated and non-treated mice were removed and converted to a single cell suspension (SCS) using 0.5% trypsin dissolved in PBS. IL-1b tagged with phycoerythrin, which is fluorescent, was added to 10 6 cells according to the manufacturer's protocol (R&D Systems, USA). The tagged cells were observed under a fluorescence dark field microscope (Nikon TS 100 ECLIPSE, Japan).
Transmission electron micrograph analysis of fibrosarcoma tissue treated with AgNP-MSA Transmission electron micrographs were obtained for both tumor tissue and AgNP-MSA-treated tumor tissue. The primary fixation of tissues for transmission electron microscopy was performed using Karnovsky fixative, and further fixations, including sample processing, were conducted at SAIF, NEHU, Shillong, India, where photographs were taken.
Statistical analysis
The obtained raw scores were plotted as a function of number of weeks of the test, and then statistical analyses, such as Student's t-test, the Mann-Whitney U-test and ANOVA, were performed. The data are presented as the mean6standard error of mean (s.e.m.) for 20 mice/group with the significance level set at P,0.05.
RESULTS
Characterization of AgNP-MSA
The prepared AgNPs were characterized before being used as a potential antitumor agent. The surface plasmon band at 400 nm in the UV-Vis spectra (Figure 1a ) of the AgNPs indicates that the AgNPs were successfully transformed into the nanometer regime. The morphology and size of the MSA-stabilized AgNPs were determined using transmission electron microscopy (TEM). Figure 1b is the TEM image of the prepared AgNPs, which clearly shows that the average size of the particles was approximately 10 nm and depicts that the AgNPs are relatively uniform in diameter and spherically shaped. As previously mentioned, the AgNP solution after ligand exchange (with MSA) was washed several times by ultra-centrifugation and redispersion to remove citrate and excess MSA. Figure 1c shows the FTIR spectra of pure MSA and MSA-stabilized AgNPs, and Table 1 lists the comparative peak assignment. In the case of pure protein, the peaks at 3290 cm 21 , 1622 cm 21 and 1517 cm 21 are attributed to the stretching vibration of amide A (mainly -NH stretching), amide I (2C5O stretching) and amide II (2CN stretching, 2NH bending), respectively. In the case of MSA binding to AgNPs, negligible variations were observed in the characteristic peak of the amide I bands, but the characteristic peak of the amide II band shifted to a 40 cm 21 higher wavenumber, suggesting that there is a coordination interaction between the silver ions and MSA. Most notably, the characteristic peak of the amide A band shifts to the higher wavenumber of 3445 cm
21
. Such a large variation further suggests that coordination has formed between AgNPs and the amine groups of MSA, which plays an important role in the formation of MSA-stabilized AgNPs. Therefore, the FTIR spectroscopy result proves that MSA ligands are conjugated to the AgNPs. The EE of MSA on the AgNP surface was found to be 95%62%.
Bio-distribution of AgNPs
The in vivo bioavailability analysis of AgNPs and MSA-coated AgNPs in normal mice showed that AgNPs alone had very low bioavailability, whereas AgNP-MSA showed a detectable bioavailability. This finding implied that the functionalized AgNPs (AgNP-MSA) have greater compatibility for uptake in an in vivo condition ( Table 2 ). Because AgNP-MSA showed enhanced bioavailability in experimental LACA mice, AgNP-MSA was selected for further studies. Figure 2) . However, the doses from 2 to 8 mg/kg b.w. showed an increase in the WBC, lymphocytes and granulocytes of normal mice (Fig 2; P,0.005). In contrast, the doses of 9 and 10 mg/kg b.w. showed conclusive toxic effects on the mice, as indicated by some of the blood parameters (Table 3 ; P,0.001) and the complete lipid profile (Table 4 ; P,0.01). Additionally, from the AgNP-MSA-induced reduction in the serum alkaline phosphatase levels, the IC50 was determined to be 6.15 mg/kg b.w. (data not shown).
Effect of AgNPs on tissue (liver, spleen and kidney) damage. The liver sections were found to have normal architecture in all treated groups except those treated at the 9 and 10 mg/kg b.w. doses. Necrotic spots of hepatocytes and hydrophobic degeneration around the central vein were observed at these doses. At these two doses, inflammatory cells were found in the bile ducts, and multifocal lesions were observed in the spleen.
No abnormality was observed in the kidney ( Figure 3 ).
Effect of AgNPs on incidence of murine fibrosarcoma
First, whether AgNP-MSA had any effect on the MCA-induced and PMA-promoted solid tumor incidence was examined. A significant delay of 9 weeks was found in the first tumor incidence in the nanoparticle-treated group compared to the tumor-bearing mice that were not treated with AgNP-MSA.
There was also a significantly lower tumor incidence in the nanoparticle-treated group; 85% of the mice showed a tumor when treated with only MCA and PMA, but the AgNP-MSAtreated mice had an incidence of only 15% at the fortieth week. Moreover, we estimated the tumor growth pattern by estimating a logistic curve which was fitted on the basis of the incidence (percentage) data. The logistic curve was generated by the following logistic growth equation:
where Y is the tumor incidence given as a percentage (%), and 'a' and 'b' are the statistical parameters to be estimated from the experimental data. Here, 'L' is a scale parameter that scales the logistic curve 'up' or 'down.' We select the value of 'L' for which the mean standard error is minimum; the maximum of this value has been fixed at 100 because the Y data are in percentages. Figure 4 implies that after the treatment with AgNPs, the logistic growth of the tumor incidence was significantly lower (P,0.0001). This drop in the growth rate of the tumor incidence can be attributed to the AgNP treatment, which was the sole treatment difference between the AgNP-treated group and the non-treated group.
Effect of AgNP-MSA on the body weight of mice with murine fibrosarcoma There was a normal growth in body weight for the first few weeks, but after the twenty-fifth week, there was a significant loss of body weight (cachexia) in the tumor-bearing mice. However, observations of the physical activity and vitality of both the nanoparticle-treated and non-treated tumor-bearing mice indicated that the treated tumor-bearing mice were more active and healthy and had gained weight compared with the non-treated tumor group ( Figure 5 ; P,0.04).
Effect of AgNP-MSA on the size and appearance of murine fibrosarcoma After subcutaneous injection of MCA and PMA, the tumor appeared to be hard, round, well confined and palpable with pronounced inflammation, whereas the tumors that appeared in the nanoparticle-treated mice were soft, not well confined and flat (Figure 6a) . Histological examination at the fortieth week showed that there was no significant difference in the tumor cell morphology in the AgNP-MSA-treated and nontreated mice (data not shown). However, there was a significant difference in the tumor size. The maximum tumor size found in the AgNP-treated was 2.860.62 mm, whereas the average tumor size in the non-treated group at the fortieth week was 8.160.8 mm (Figure 6b , P,0.0001).
Transmission electron micrograph analysis of AgNP-MSA-treated tumor tissue This study showed that there was considerable uptake of AgNP-MSA by immune cells associated with fibrosarcoma tissue. The immune cells containing AgNP-MSA were found to be damaged and also progressed towards cell death; this result was in contrast to non-treated fibrosarcoma tissue. A more muddled plus patchy cellular structure was observed in the AgNP-MSA-treated fibrosarcoma, suggesting that the AgNP-MSA treatment caused pyknotic primary sentinel immune cells to infiltrate the fibrosarcoma tissue ( Figure 7 ).
Effect of AgNP-MSA on the serum TNF-a, IL-6 and IL-1b levels in murine fibrosarcoma The serum levels of TNF-a, IL-6 and IL-1b were determined every other week from the first injection of MCA. There was an exponential shift in the TNF-a production from the twentieth week after the first injection of MCA in the tumor-induced group compared with the AgNP-treated tumor-induced group. During the first week, 287.5563.31 pg/ml and 270.55624.79 pg/ml of TNF-a production was observed in the non-treated and AgNP-treated tumor group, respectively. During the twentieth, twenty-fourth and twenty-sixth weeks, the level of TNF-a in the tumor group was 487.8067.15 pg/ ml, 974.10617.81 pg/ml and 1134.35619.6 pg/ml, respectively, while during the fortieth week, the level of TNF-a was 1198.55699.7 pg/ml. This shift was not observed in the AgNP-treated tumor group; the level during the 20 th week was 301.85612.45 pg/ml, and the level during the twenty-sixth and fortieth weeks was 303.756 18.08 pg/ml, 334.6614.6 pg/ml, respectively (Figure 8a) . From a statistical point of view, the average TNF-a production for the AgNP-treated group was significantly lower than that of the non-treated tumor-bearing group (P,0.01).
The IL-6 level was 221.70627.09 pg/ml and 219.5567.46 pg/ ml in the non-treated tumor-bearing and AgNP-MSA-treated tumor-bearing groups, respectively, during the first week of MCA injection. During the twenty-second week, the first significant difference was observed, and there was a shift from 221.70627.085 pg/ml to 430.950627.4366 pg/ml of IL-6 production in the non-treated tumor-bearing group. During the fortieth week, this level increased to 730.450625.01636 pg/ml; in contrast, during the twenty-second and fortieth weeks, the IL-6 production of the AgNP-MSA-treated tumor-bearing group was 259.25619.25 pg/ml and 339.15620.5 pg/ml, respectively ( Figure 8b ) (P,0.0005). Thus, the production of this particular cytokine did not shift compared to that in the non-treated tumor-bearing group.
The NBT assay
The standardized colorimetric NBT assay was used to compare the superoxide anion produced in various tissues. Tissue was obtained from the liver, spleen, kidney and tumor of MCA1PMA-treated mice and from MCA1PMA1AgNP-MSA-treated mice. In the liver, spleen and kidney, there was no significant (P.0.05) difference between the two groups. However, the tumor tissue showed a significantly lower oxygen content, which was indicative of a hypoxic condition and was restored to normoxic levels after treatment with AgNP-MSA; this treatment resulted in a significant (P,0.001) increase in the oxygen content in the tumor tissue (Figure 9a ).
Nitric oxide release assay
Nitric oxide release was measured to predict the RNS level and iNOS function in the liver, spleen, kidney and tumor tissue that was obtained from the MCA1PMA-treated and MCA1PMA-treated group and for treatment with AgNP-MSA. The RNS levels were not significantly altered (P.0.05) in the liver, spleen and kidney. However, in the tumor tissue, the RNS level was found to be significantly lower than that in other tissues (P,0.005) and was found to be restored to normal tissue levels (P,0.01) by the AgNP-MSA treatment (Figure 9b ).
Immunocytochemistry and serum profile of IL-1b
For IL-1b, there was a dramatic arrest in IL-1b at a significance level of 0.01. Since the initiation time of tumor at the twentysecond week, the release of this pro-inflammatory cytokine significantly increased. In contrast, in the AgNP-MSA-treated group, there was total attest of the IL-1b release, and the IL-1b levels had no significant difference (P.0.05) between the first and the fortieth weeks (Figure 10a ). To further determine whether IL-1b was degraded or functionally inhibited (possibly by the formation of a AgNP-IL-1b corona) after the AgNP treatment in the tumor environment, we used immunocytochemistry to analyze the IL-1b in the SCS isolated from both treated and nontreated tumor tissue. In the tumor tissue, the IL-1b expression was high, whereas in the AgNP-MSA-treated tumor tissue, the IL-1b level was low (Figure 10b ).
DISCUSSION
The therapeutic application of nanoparticles has gained importance in medicine due to the reduced size and large surface-to-volume ratio of nanoparticles. Recently, accumulated data suggested greater considerations about the use of AgNPs in therapeutics due to their toxicity compared with other noble metal nanoparticles. Our study aimed to analyze the toxicity of AgNPs at different doses in a murine model and to study the application of AgNPs for targeting murine fibrosarcoma. Tiwari et al. 19 in 2011 studied the toxicity of AgNPs in the doses of 4 mg, 10 mg, 20 mg and 40 mg/kg b.w. in Wistar rats and concluded that doses near 4 mg/kg body weight were best suited for the therapeutic application. 19 The low dose range of 1-10 mg/kg b.w. has thus been prioritized to avoid the higher doses that would have been obviously toxic. The bioavailability analysis of AgNP and albumin-coated AgNP (AgNP-MSA) showed that the coated particles had enhanced uptake by mice compared to the uncoated particles, and this finding demonstrated that the protein-coated nanoparticles have increased biocompatibility (Table 2 ). This bioavailability finding was also correlated with other findings, which showed that coating nanoparticles with albumin reduces the chances of interaction with other serum proteins because albumin is the most abun- dant serum protein; thus, this functionalization enhanced the uptake by surrounding cells even at very low doses of nanoparticles. 35, 36 Albumin has been used to increase the bioavailability of nanoparticles. Because of the structural homology among various types of albumin, the serum albumin from any other species, such as bovine serum albumin from cows, could have been used. However, to minimize any risk of immunogenicity arising from albumin, MSA was chosen as the preferred form for the protein functionalization of NPs in this study. This selection was an extra precautionary measure that was possibly redundant because BLAST showed a conserved domain in the albumin protein sequences in the tetrapoda family. For other species, species-specific albumin may be used.
Time scale studies were performed to study the systemic toxicity, as measured through the hepatic and renal functions, the blood parameters and the histological parameters in normal mice that received different doses ranging from 1-10 mg/ kg b.w. (Supplementary Figure 1 and Supplementary Figure 2) . This toxicological study showed that for doses ranging from 2-8 mg/kg b.w., the WBC, LC and granulocyte counts increased in the non-tumor induced mice, whereas the doses of 9 and 10 mg/kg b.w. showed conclusive toxicity in the nontumor induced mice. This change was indicated by the elevated levels of ALT and AST, classical markers of liver function, and the serum creatinine level, a marker for renal function.
After the IC50 of AgNP-MSA (6.15 mg/kg b.w.) was measured in mice, the next phase was to analyze the effect in a murine in vivo model of fibrosarcoma. The effect of AgNP-MSA was studied by constantly monitoring the tumor incidence, body weight and tumor size of murine fibrosarcoma for 40 weeks. Moreover, the toxicity study showed a relation between AgNP-MSA and immune parameters, which led us to study the effect on the serum levels of TNF-a and IL-6 in murine fibrosarcoma. The toxicity profile of AgNPs in mice at 10 doses was obtained by measuring the complete blood count, lipid profile and histology. This study showed that AgNP doses ranging from 2 to 8 mg/kg b.w. in the control group increased the WBC, LC and granulocyte counts, whereas the other parameters were unchanged. The 9 and 10 mg/kg b.w. doses showed systemic toxicity in control mice. Thus, the results implied that the AgNPs administered in vivo (s.c.) were creating an immune response in the non-tumor induced mice.
A possible reason for this finding is that nanoparticles interact with proteins, nucleic acid, and lipids and are often adsorbed by proteins inside biological systems through the formation of a nanoparticle-protein corona (NP-PC), which influences biological activity. 37 This NP-PC formation is aided by several forces, such as hydrogen bonds, solvation forces, van der Waals interaction, and others. 38, 39 Nanoparticles can also modify the structure and therefore, the function of the adsorbed proteins in NP-PCs, which thus alter the overall activity of the nanoparticles. This modification of the adsorbed proteins in NP-PCs may involve specific foldings, which may lead to a change in the conformation of the epitopes of the adsorbed protein. 40 Moreover, nanoparticles can change continuous epitopes of the adsorbed protein, affecting a stretch of 10-12 amino acids, and this stretch is capable of eliciting an immune response. Thus, by forming NP-PCs in biological systems, nanoparticles can induce an abnormal unfolding of adsorbed proteins, which may result in an unwanted immune response through the exposure of hidden epitopes. 40 Hence, the unwanted immune responses induced by AgNPs in our study, as evident from the increase in the WBC, lymphocyte and granulocyte counts, might result from NP-PC formation in mice and the from the subsequent sequential exposure of hidden epitopes of the adsorbed proteins. Additionally, the curved (spherical) surface of nanoparticles compared to planar surfaces provide extra flexibility and enhanced surface area to the adsorbed protein molecule. 39 In our study, spherical AgNPs were used, and our results showed a significant increase in the WBC, lymphocyte and granulocyte counts even at extremely low doses (2 mg/kg b.w.). This increase might be due to the spherical nature of the AgNPs inside the mice; this shape provided increased flexibility and an enhanced surface area to the adsorbed NP-PC proteins, resulting in an unwanted immune response even at very low doses. Moreover, lymphocytosis, i.e., an increase in the lymphocyte count over the granulocyte count, was observed after AgNP administration. In more detail, in a study on tumor regression in response to chemotherapy, lymphocytosis was reported in patients independent of tumor histotype and chemotherapeutic regimen, with a significantly higher mean lymphocyte count at the end of the chemotherapeutic treatment with respect to the values observed before the onset of treatment. 41 Recent advances in tumor immunobiology suggest that cancer chemotherapy may have the dual functions of cytotoxic activity combined with immunomodulatory effects involving endogenous cytokine action to control both tumor angiogenesis and antitumor immunity. The action of nanomaterials as potent chemotherapeutic agents on lymphocytemediated anticancer immunity must still be investigated and elucidated. Chemotherapy itself may paradoxically act, at least in part, as a cancer immunotherapy by inducing lymphocytosis, most likely to modulate the cytokine network and correct the altered endogenous production of the cytokines responsible for cancer-related immunodeficiency.
In relation to the immunomodulatory properties of AgNPs in normal mice observed in our study, we opted for a chemically induced fibrosarcoma for an antitumor study of these nanoparticles. The chemically induced fibrosarcoma is known to have unique antigenic individuality and has been a favorite choice of tumor immunologists. 28 In our study, in the group that was administered MCA, fibrosarcoma appeared during the twenty-second week of the treatment and grew continuously until the thirty-sixth week. The effective accumulation of nanoparticles in tumors, as observed in our ICP-AES data, is a prerequisite for NP-assisted cancer diagnosis and treatment. The ICP-AES analysis clearly showed that unlike AgNP, AgNP-MSA is effectively cleared from the liver, spleen and kidney of mice. In contrast, naked AgNP tended to accumulate in the said tissues and in fibrosarcoma tissue (Table 2 ) at a significantly very high amount. The lack of effective clearance and the subsequent bio-accumulation after an in vivo treatment with NPs is tantamount to systemic toxicity. Hence, further assays of the in vivo antitumor effect of AgNPs were redundant and were thus performed with AgNP-MSA alone.
It was hypothesized that the aggregation of NPs stimulated by a tumor microenvironment can be utilized to enhance the retention and cellular uptake of NPs in tumors. AgNPs (approximately 10 nm) showed a fast, sensitive, and reversible response to the pH change from pH 7.4 to pH 6.5, which enabled the AgNPs to be well dispersed at pH 7.4, while quickly aggregating at pH 6.5. The MSA-AgNPs were found to be stable at the pH of blood and normal tissues and thus exhibited an excellent stealth ability to resist uptake by macrophages; however, the MSA-AgNPs aggregated instantly in response to the acidic extracellular pH of solid tumors, leading to greatly enhanced uptake by cancer cells. 42 Moreover, the patterns of blood circulation and the clearance profile of nanomaterials in vivo must be understood to ward off unwanted toxicity before these materials can be used in biomedicine.
Nanomaterials have heterogeneous characteristics that combine the bulk properties of solids with quantum phenomena, largely due to their high surface-to-volume ratio, which enables them to exhibit diverse functionalities. Smaller nanomaterials (10-20 nm) are rapidly taken up in the liver from the blood, whereas larger nanomaterials (.200 nm) are efficiently taken up by Kupffer cells in the liver. In the splenic sinusoids, as blood flows through the venous system, nanoparticles larger than 200 nm are cleared by splenic filtration with the help of macrophages. The capillary fenestrae of the glomeruli can allow particles of 10-100 nm size to pass through, but particles with sizes greater than 100 nm are blocked by the basal lamina. 43 Because the particle size in the study was approximately 10 nm, any AgNP that escaped entry into the tumor microenvironment and entered the systemic circulation was effectively cleared from the body.
Tumor promotion or induction is correlated with body weight loss, and this correlation was also observed in our study. Thus, physiological parameters, such as tumor incidence, tumor size and body weight loss, were monitored for 40 weeks in both the AgNP-MSA-treated and non-treated groups. In the AgNP-MSA (4 mg/kg b.w.)-treated mice, the first tumor incidence was delayed by 9 weeks. In addition to this finding, the tumors of the AgNP-MSA-treated mice were significantly (P,0.0001) smaller (2.6 mm) than those of the non-treated group (8 mm) after the fortieth week. We found a significant decrease in the body weight in almost 50% of the MCAinduced tumor-bearing mice compared to the normal mice; this change suggests that cancer cachexia has occurred. Moreover, the body weight of the AgNP-MSA-treated mice was also found to be normal. Thus, we suggest that AgNP-MSA not only inhibited the tumor incidence but also helped to overcome the progressive body weight loss of tumor-bearing mice.
The electron micrographs showed that compared to the non-treated tumor, the AgNP-treated tumor had a more deformed structure of the sentinel immune cells associated with the tumor. The sentinel immune cells associated with the fibrosarcoma (e.g., Langerhans cells/dendritic cells and others) take up AgNP-MSA considerably more readily than other cells; therefore, the dendritic cells in our study showed substantial uptake of AgNP-MSA (Figure 7) . The result from this micrograph suggested an effect of AgNP on immune cells that was also analogous with the unwanted immune response observed in normal mice. The immune cells associated with any tumor are known to be involved in cancer progression through inflammatory mediators, and the AgNP antitumor effect indicated by previous parameters of our study might be caused by the cytotoxic effect on immune cells by the same mechanism as suggested from the electron micrographs.
This study reports an immune response to AgNP-MSA in normal mice, reductions in tumor incidence and tumor size, and a countering of the loss of body weight in MCA-treated mice; thus, the next relevant question is whether there was any immune modulation by the AgNP-MSA in the fibrosarcoma tumor microenvironment. To address this possibility, the serum levels of two important cytokines, TNF-a and IL-6, were measured during the experimental period. These two cytokines are known to be associated with cancer cachexia 44, 45 and also play an important role in tumor progression. 46, 47 The serum levels of both these cytokines were found to be positively related with tumor promotion. The AgNP-treated tumor group showed normal cytokine levels, which were consistent with other physiological parameters. The tumor microenvironment has distinctive proteins or cellular environments, and NPs that are exposed to several, very different systems in vivo can form bio/nanocomplexes, which ultimately determine the activity of nanoparticles inside a particular system. Thus, this result most likely explains the possibility that AgNP-MSA in the fibrosarcoma microenvironment downregulated the proinflammatory cytokine levels.
In more detail, it has been reported that pelted nanoparticles in an in vivo system may pass through the peritoneal and mucosal layers of gut epithelial cells and finally, enter the bloodstream. At cellular levels, the NPs that have been phagocytosed by a monocyte may be taken into the endosomes that ultimately fuse with lysosomes. 48 Each of these proteomes represents a unique environment and has specific properties in terms of protein composition, enzymatic activities, pH, ion composition and other characteristics; these properties determine the fate of the nanoparticles. Thus, in our study, the subcutaneous administration of AgNP-MSA in the murine fibrosarcoma might lead to the formation of a unique bionanocomplex compared to that in control mice, and this change ultimately downregulated these two cytokine levels.
The amount of proteins available to interact with the nanoparticle surface can also greatly influence the NP-PC composition. 49 In an in vivo system, as a nanoparticle passes through different protein-rich environments, the nanoparticle surface may become pre-coated with specific proteins that affect the possible binding to the next protein to form more nanoparticle-protein complexes. 50 The affinity of the protein for the NP surface also determines whether the protein can completely occupy the surface or not. The sequential arrangement of protein molecules bound to the nanoparticle surface may affect the biological reactivity. 51 Thus, the different cellular organizations or protein-rich tumor microenvironments in our results might explain the fact that AgNP-MSA forms different NP-PC corona, which, consequently, counteract the protumorigenic immune regulation by inhibiting the release of these cytokines. Moreover, in the tumor immune microenvironment, there are multiple immune checkpoints that control the tumor surveillance inside organisms. 52 The cytokine levels in the different experimental groups showed a tumor immunomodulation by the AgNP-MSA, which ultimately affects the immune checkpoints.
The ICP-AES data and electron micrograph showed that at a dose of 4 mg/kg b.w., the AgNP-MSAs were significantly present in tumor fibrosarcoma due to direct pelting of the nanoparticles in the flank containing the fibrosarcoma. This result may also be caused by the immune cells associated with the tumor microenvironment predominantly taking up the AgNPs because of the decreased possibility of nonspecific NP-PC formation by AgNP-MSA. Consequently, the anticancer property found in our study must be executed through immune cells. To obtain more insight into this role, we performed experiments studying the oxidative status of the tumor microenvironment of both AgNP-MSA-treated and untreated groups. Oxidative parameters were mainly selected because nanoparticles are known to be associated with the oxidative stress response in many cells or tissue. 53 We measured the NBT (O 2 2 radical measurement) and nitric oxide (NO) of the SCS isolated from both AgNP-MSA-treated and nontreated fibrosarcoma. The results showed that these nanoparticles significantly increased these two parameters in the SCS isolated from fibrosarcoma ( Figure 9) , and the anticancer property demonstrated by AgNP can be attributed to this increase in oxidative stress in the tumor microenvironment.
One of the prime facts of tumor promotion and surveillance is that immune cells (especially macrophages) associated with the tumor microenvironment mainly promote the tumor. 54 Thus, the AgNP-containing immune cells or other cells mainly encounter oxidative stress, which might have collectively contributed to the anticancer response. The result was further supported by recent in vitro findings, where it has been reported that AgNPs can induce the apoptosis of RAW through an increase in oxidative stress. 55, 56 Moreover, the downregulation of the protumorigenic cytokines TNF-a and IL-6 in the AgNP-treated fibrosarcoma group also demonstrated that AgNP significantly altered the cell function of tumor-associated immune cells. Furthermore, the hypoxic condition (low oxygen condition) of a solid tumor is known to be associated with tumor promotion, and in our study, AgNPs significantly increased the oxygen free radical and NO levels in the tumor microenvironment, which oppose hypoxia. Additionally, because of the inflammatory condition provided by the MCA-induced fibrosarcoma, many proinflammatory molecules play a role in tumor promotion.
Among the target proteins that are likely to be involved in NP-PC formation (discussed earlier), one signature candidate is the pro-inflammatory cytokine IL-1b. 57 IL-1 signaling is the major alarm mechanism that persists in a tumor microenvironment, and IL-1 is produced by cells in a malignant or micro environment. This signaling has contrasting roles, such as the control and promotion of tumors, and these roles are mediated by two important agonists called IL-1a and IL-1b, respectively. 58 The membrane-associated IL-1a has antitumor properties and is generally expressed at a very low level in tumor microenvironments, whereas IL-1b has a role in the promotion of carcinogenesis, tumor invasiveness, and immunosuppression. IL-1b is expressed as a secretory molecule in large quantity in tumor microenvironments. 58 In addition, particularly in the MCAinduced tumor immune microenvironment, this IL-1b-mediated tumor progression mostly persists. 59 Interestingly, AgNPs were also reported to have inhibitory effects on the cell signaling mediated by IL-1b. 60 Considering these above facts, one possibility behind the functional modulation of the fibrosarcoma immune microenvironment by AgNPs is that AgNPs might have formed coronas with IL-1b (say, AgNP-IL-1b), thus disrupting the IL-1b mechanism of action either through degradation or through functional inhibition. To confirm this possibility, we performed immunocytochemistry analysis of IL-1b in both AgNP-treated and non-treated fibrosarcoma. The result from this experiment showed that there was a nearly negligible amount of IL-1b in the AgNP-treated fibrosarcoma compared to the non-treated fibrosarcoma ( Figure 10 ). Thus, this finding strongly suggested that AgNPs not only modulate the tumorassociated cell function through oxidative stress but also alter the IL-1b function to facilitate the anticancer property against murine fibrosarcoma. Hence, our study showed a direct relationship between AgNP-MSA and immune regulation, as demonstrated by the unwanted response in normal mice and the inflammatory regulation in the murine fibrosarcoma.
CONCLUSION
This study reports a relation between AgNP-MSA and the immune system in a murine model. The study also established the fact that AgNP-MSA showed an unwanted immune response in control mice even at very lower doses, whereas AgNP-MSA showed a rather beneficial immunomodulation that inhibited murine fibrosarcoma by altering the immune microenvironment. In our next article, we will be focusing on the detailed mechanism by which AgNPs lead to the oxidative stress-induced immunomodulation of tumor-associated macrophages.
